Background: Because alcohol (ALC) delays signs of pubertal development, we assessed the time course of events associated with the synthesis of critical hypothalamic peptides that regulate secretion of luteinizing hormone-releasing hormone (LHRH), the peptide that drives the pubertal process.
T HE ONSET OF puberty occurs due to a complex series of neuronal-and glial-mediated acts within the hypothalamus that promotes the increased pulsatile secretion of luteinizing hormone-releasing hormone (LHRH), the peptide responsible for promoting pituitary and ovarian hormone secretions throughout the pubertal process. This timely increase in the release of LHRH is due to a gradual removal of prepubertal inhibitory influences, as well as the enhanced developmental responsiveness to excitatory stimuli. The prepubertal inhibition of LHRH secretion is caused by gamma aminobutyric acid, as well as the opioid peptides, b-endorphin, and dynorphin (DYN; Faletti et al., 1999; Lehman et al., 2010; Navarro et al., 2009; Terasawa and Fernandez, 2001 ), which are synthesized by neurons within the arcuate nucleus (AN) of the medial basal hypothalamus (MBH). Several stimulatory peptides such as insulin-like growth factor-1 (IGF-1; Hiney et al., 1996; Wilson, 1998) , leptin (Dearth et al., 2000; Lebrethon et al., 2000) , transforming growth factor a , and glutamate (Claypool et al., 2000; Gay and Plant, 1987; Urbanski and Ojeda, 1990) have been known for generating excitatory influences resulting in enhanced prepubertal LHRH release. More recently, however, kisspeptin (Kp; Navarro et al., 2004a,b; Shahab et al., 2005; Thompson et al., 2004) and neurokinin B (NKB; Garcia et al., 2017; Navarro et al., 2009; Ramaswamy et al., 2010) have emerged as important excitatory regulators of LHRH secretion and necessary for the initiation of puberty. Importantly, mutations in the Kp receptor (de Roux et al., 2003; Seminara et al., 2003) , as well as mutations in the genes encoding NKB and its receptor (Guran et al., 2009; Topaloglu et al., 2009) , have been shown to block pubertal development. In the rat brain, Kp is synthesized by neurons within both the rostral hypothalamic area (RHA) and the MBH, but NKB, like DYN, is mainly produced in the MBH. As DYN, Kp, and NKB all participate in the control of LHRH secretion at the time of puberty, it is likely that any substance that can either enhance the prepubertal inhibitory tone provided by DYN, or suppress the excitatory drive generated by Kp and NKB could cause a delay in the timing of pubertal development.
Chronic alcohol (ALC) exposure is known to suppress LHRH secretion and delay typical signs associated with the onset of female puberty in rats Emanuele et al., 2002) , rhesus monkeys Dissen et al., 2004) , and humans (Peck et al., 2011; Richards and Oinonen, 2011) . Specifically, these studies showed that ALC delayed the time of vaginal opening in rats, delayed development of a regular monthly pattern of menstruation in monkeys, and delayed breast development as well as menarche in humans. In recent years, we have made an effort to discern the effects of ALC on specific puberty-related inhibitory and stimulatory peptides in order to determine how it causes delayed puberty. While the effects of prepubertal ALC administration on hypothalamic NKB have not yet been studied, information regarding the drug's effect on both DYN and Kp has been revealing. Six days of prepubertal ALC administration markedly increased DYN protein expression in the MBH of 33-day-old prepubertal female rats, and furthermore, ALC was shown to stimulate release of the inhibitory DYN peptide from the MBH incubated in vitro (Srivastava et al., 2015) . Conversely, ALC suppressed Kp protein expression in the MBH (Srivastava et al., 2015) , and recently, it was demonstrated that ALC suppressed the hypothalamic release of this excitatory peptide in vitro (Hiney et al., 2018) . These observations are important, as for normal puberty to occur the inhibitory influences must decline, and the synthesis of the excitatory peptide inputs must keep pace with their release in order to stimulate and thus drive the LHRH system throughout the pubertal process; hence, the opposite effects appear to be the case following prepubertal ALC exposure.
While ALC is capable of differentially affecting specific inhibitory and excitatory influences within the prepubertal hypothalamus, more work is required to determine when and how these ALC-induced influences occur. Therefore, this study was conducted to determine the time course of alterations in the respective synthesis of DYN, Kp, and NKB across the daily prepubertal ALC exposure period and to identify sites and mechanisms of ALC actions that ultimately relate to suppressed LHRH secretion and delayed puberty.
MATERIALS AND METHODS

Animals and Surgery
Eighteen-day pregnant female rats of the Sprague Dawley line were purchased from Charles River (Boston, MA) and allowed to deliver pups normally in the Texas A&M University laboratory animal facility. Female pups were weaned at 21 days of age and housed 3 per cage under controlled conditions of light (lights on, 0600 hour; lights off, 1800 hour) and temperature (23°C), with ad libitum access to food and water. All procedures performed on the animals were approved by the University Animal Care and Use Committee and in accordance with the NAS-NRC Guidelines for the Care and Use of Laboratory Animals. Each animal was anesthetized at 23 days of age with 2.5% tribromoethanol (0.5 ml/60 g body weight) and was surgically implanted with a permanent intragastric cannula by a procedure that has been described previously (Dees et al., 1984) . All animals recovered from surgery for 4 days prior to the beginning of the experiments.
Experimental Design
When the rats were 26 days old, they were weighed and divided into 3 groups. Group 1 received a 5% ALC-liquid diet, and group 2 received the companion isocaloric control liquid diet (BioServe, Inc., Frenchtown, NJ). Group 3 served as an additional set of control animals that received laboratory chow and water, ad libitum throughout the experiment. Each group received their respective diet by a regimen described previously Srivastava et al., 1995) and modified only slightly . Briefly, on day 27, the liquid diets were administered in such a manner that 6 ml of the respective diet was injected via the intragastric cannula (4 injections of 1.5 ml each) equally dispersed over the lights-on period, and then, 30 ml of diet was available ad libitum (bottle) during the lights-off period. To provide an adequate food supply for these immature growing animals, beginning on day 28 and again on days 30 and 32, the amount of diet injected via the cannula was increased by 0.5 ml per injection. Also, at these same times, the amount of diet made available each night in the bottle was increased to 35, 40, and 50 ml, respectively. Thus, by day 33, each animal was receiving the maximum of 4 intragastric injections (3.0 ml each) of diet during the lights-on period and 50 ml of diet, ad libitum, during the lights-off period. The animals received their respective diets for either 2 days (days 27 to 29), 4 days (days 27 to 31), or 6 days (days 27 to 33).
Tissue Collection
On the mornings of days 28, 29, 31, and 33, animals were weighed and killed by decapitation 1.5 hours after their last gastric infusion. Animals were confirmed to be in the late juvenile stage of pubertal development by showing closed vaginae, small uteri, and no intraluminal fluid. Serum was stored at À80°C until assayed for blood alcohol concentrations (BAC) utilizing the EnzyChrom TM Ethanol Assay Kit purchased from BioAssay Systems, (Hayward, CA). The brains were removed, and the MBH and RHA were isolated as described previously ) and frozen on dry ice at À80°C until analyzed by Western blot analysis. These 2 regions of the hypothalamus were chosen because neurons within these areas synthesize neurohormones that are critical for the pubertal process. Specifically, the MBH contains a subpopulation of neurons within the AN that cosynthesize Kp, NKB, and DYN. The RHA also contains neurons that synthesize Kp, but they do not co-express DYN and NKB (Navarro et al., 2009) . While the latter 2 proteins are present in this brain region, they are produced in low amounts by a different population of neurons (Burke et al., 2006) .
Western Blot Analysis
Brain tissues were homogenized in 1% Igepal CA-630, 20 mM Tris-Cl, pH (8.0), 137 mM NaCl, 2 mM EDTA, 10% glycerol, 10 mM sodium pyruvate, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 0.25% protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) at 4°C. The homogenates were incubated on ice for 30 minutes and centrifuged at 12,0009g for 15 minutes. The concentration of total protein in the resulting supernatant was determined by the Pierce 660 nm Protein assay kit (Thermo Scientific, Rockford, IL) using bovine serum albumin as standard. Immunoblot analysis was performed by solubilizing the proteins (100 lg) in a sample buffer containing 62.5 mM Tris-Cl, pH 6.8, 2% SDS, 5% b-mercaptoethanol, 10% glycerol, and 0.02% bromophenol blue and electrophoresed through 4 to 20% SDS-PAGE for DYN, DYN kappa receptor (KOR-1), Kp, IGF-1 receptor (IGF-1R), Akt, tuberous sclerosis 2 (TSC2), ras homologue enriched in brain (Rheb), mammalian target of rapamycin (mTOR), NKB, NKB receptor (NK3R), AMP-activated protein kinase a (AMPKa), and Raptor under reducing conditions. The separated proteins were electrophoretically transblotted onto polyvinylidene difluoride membranes. Following transfer, membranes were blocked with 5% nonfat dried milk and 1% Tween-20 in PBS (pH 7.4) for 3 hours. Membranes were incubated at 4°C overnight with the appropriate primary antibody: rabbit antitotal or anti-p-AMPKa (1:1,000; Cell Signaling Tech., Danvers, MA), rabbit antitotal (1:1,000) or anti-p-Raptor (1:750; Cell Signaling Tech.), goat anti-DYN (1:250; Santa Cruz Biotech., Santa Cruz, CA), mouse anti-KOR-1 (1:250; Santa Cruz Biotech.), rabbit antitotal (1:1,000) or anti-p-Akt (1:3,000; Cell Signaling Tech.), rabbit antitotal (1:2,000) or anti-p-TSC2 (1:250; Cell Signaling Tech.), rabbit anti-Rheb (1 lg/ml; Abcam Inc., Cambridge, MA), rabbit antitotal or anti-p-mTOR (1:1,000; Cell Signaling Tech.), rabbit anti-NKB (1:500; Novus Biologicals, Littleton, CO), rabbit anti-NK3R (1:1,000; Novus Biologicals), and rabbit anti-Kp (3 lg/ml; Novus Biologicals). After the incubation, membranes were washed in PBS/0.1% Tween-20 and then incubated with horseradish peroxidase-labeled secondary antibodies (1:50,000; Santa Cruz Biotech) for 2 hours at room temperature. Following washing, the specific signals were detected with the enhanced chemiluminescence (Western Lightning Plus-ECL; PerkinElmer, Shelton, CT) and quantified with NIH ImageJ software version 1.43 (National Institutes of Health, Bethesda, MD). Subsequently, all membranes were also stripped using Re-Blot Plus kit (EMD Millipore, Temecula, CA) and reprobed with mouse monoclonal antibody to b-actin and goat anti-mouse secondary antibody, to normalize for the amount of sample loading when appropriate. Following washing, the detection and quantitation of b-actin were conducted as described above.
RESULTS
Short-term ALC administration from 27 through 33 days did not cause differences between the chow-fed and liquid diet-fed control animals with regard to body weights or any of the other assessments conducted throughout the duration of this study. This is in agreement with similar studies using this feeding regimen administered to prepubertal, growing animals Srivastava et al., 1995 Srivastava et al., , 2009 . As before, results from these controls were combined and presented together in the following figures to simplify comparative descriptions. Blood samples drawn 1.5 hours after the morning gastric infusions produced a mean AESEM BAC of 174 AE 10 mg/dl across the 6 days of the study.
Actions of ALC in the MBH
Effects on DYN and KOR-1. No changes occurred in DYN protein expression in the MBH between control and ALC-treated animals on day 28 (not shown). However, expression of the DYN protein was increased (p < 0.05) in the ALC-treated animals by day 29 (Fig. 1A,B ). This increase (p < 0.05) in DYN expression was detected again on day 31 (CON: 0.55 AE 0.07 vs. ALC: 0.87 AE 0.13) and was more marked (p < 0.01) on day 33 (CON: 0.67 AE .01 vs. ALC: 1.07 AE 0.05). This up-regulation in DYN protein synthesis was associated with an increase (p < 0.01) in the expression of the DYN receptor, KOR-1, that was observed on day 33 (Fig. 2 ), but not on days 29 and 31. Effects on NKB and NK3R. There were no differences in the synthesis of NKB protein in the MBH between control and ALC-treated animals throughout this study (not shown); however, the ALC did affect synthesis of NK3R. In this regard, while protein expression of the NK3R in the MBH was not altered on day 29 (not shown), it was suppressed (p < 0.05) in the ALC-treated animals on day 31 (Fig. 3) . Furthermore, this suppression (p < 0.05) in the synthesis of the NK3R continued to be observed in the MBH on day 33 (CON: 1.6 AE 0.17 vs. ALC: 1.1 AE 0.14).
Effects on Kp. In the MBH, there were no changes detected in the expression of Kp protein between control and ALC-treated animals on day 28 (not shown). A decrease (p < 0.05) in Kp protein expression, however, occurred in the MBH of ALC-treated animals on day 29 (Fig. 4A,B) . By day 31 (Fig. 4C,D) , the ALC caused a more pronounced decrease (p < 0.01) in Kp protein expression, and this suppression (p < 0.01) of Kp synthesis remained in effect on day 33 (CON: 0.82 AE 0.08 vs. ALC: 0.53 AE 0.04). As mTOR has been identified as an important immediate upstream regulator of Kp, we assessed whether ALC affects the phosphorylation of this protein. We demonstrate here that the ALC-treated animals also exhibited a modest decrease (p < 0.05) in p-mTOR protein expression in the MBH as early as day 29 (Fig. 5A,B ) and like Kp, p-mTOR protein expression was also further decreased (p < 0.01) by the ALC on day 31 (Fig. 5C,D) . Additionally, p-mTOR synthesis continued to be suppressed (p < 0.05) on day 33 (CON: 0.81 AE 0.09 vs. ALC: 0.55 AE 0.06).
Evaluation of potential effects of ALC upstream to mTOR began by assessing an Akt-mediated pathway (Inoki et al., 2002; Long et al., 2005) . No differences were observed in the protein levels of Akt, p-TSC2, or Rheb between control and ALC-treated animals at 28 and 29 days of age. However, compared to controls, the ALC-treated animals showed a decreased (p < 0.001) expression of p-Akt on day 31 (Fig. 6 ). This decrease in p-Akt resulted in an increase (p < 0.001) in the expression of p-TSC2 (Fig. 7A,B) ; an action that caused the concomitant suppression (p < 0.05) of Rheb (Fig. 7C,D) , the immediate upstream regulator of mTOR in this pathway (Inoki et al., 2002; Long et al., 2005) . Importantly, as mTOR and Kp were suppressed earlier at 29 days, we assessed in the same tissues, an alternate pathway regulating and densitometric quantitations from 31-day-old rats, respectively. These data were normalized to the internal control, b-actin protein, and the densitometric units represent the Kp/b-actin ratio. Note that Kp protein levels were decreased in the MBH of the ALC-treated animals. The respective bars illustrate the mean (AESEM) of 6 to 8 in each group. *p < 0.05, **p < 0.01 versus CON. mTOR and Kp synthesis to determine whether it was affected prior to the effect on the Akt pathway. In this regard, the ALC-treated animals showed an activation (p < 0.05) of AMPKa on day 29 (Fig. 8A,B) , an action resulting in increased (p < 0.01) p-Raptor (Fig. 8C,D) , a known negative control of mTOR (Gwinn et al., 2008) . Therefore, this ALC-induced activation of the AMPK/Raptor pathway on day 29 is consistent with the early suppressions in protein synthesis shown above for both mTOR and Kp.
Actions of ALC in the RHA
As expected, protein levels of DYN and NKB were low in this brain region, and furthermore, no differences in expression levels were detected in either of these peptides between control and ALC-treated animals (not shown). Also, IGF-1 is considered an upstream regulator of Kp synthesis in the RHA, an action that is not applicable to the MBH Srivastava et al., 2016) . Therefore, as this IGF-1 action in the RHA has been associated with activation of Akt (Srivastava et al., 2016) , we also assessed the effects of prepubertal ALC administration on expression of the IGF-1R, as well as the components of the Akt-mediated pathway to Kp in this brain region. In this regard, ALC did not affect expression of the IGF-1R nor any of the components of the Akt pathway to Kp within the RHA from 28 through 31 days of age (not shown). However, the ALC-treated animals showed suppressed (p < 0.05) p-IGF-1R expression on day 33 (Fig. 9) , an action associated with decreased (p < 0.05) protein expression of p-Akt (CON: 0.57 AE 0.07 vs. ALC: 0.35 AE 0.04). Downstream from Akt, the results at 33 days were similar to those shown above in the MBH. Specifically, ALC caused an increase (p < 0.05) in the phosphorylation of TSC2 (CON: 0.76 AE 0.09 vs. ALC: 1.05 AE 0.06) resulting in the suppressed (p < 0.05) expression of Rheb (CON: 1.18 AE 0.10 vs. ALC: 0.81 AE 0.10). Finally, the effect of ALC to suppress Rheb caused a decrease (p < 0.05) in p-mTOR (CON: 0.73 AE 0.08 vs. ALC: 0.45 AE 0.05) and subsequently a marked decline (p < 0.01) in the expression of Kp (CON: 0.58 AE 0.03 vs. ALC: 0.37 AE 0.04).
DISCUSSION
Initiation of puberty occurs as the result of a decline in the actions of inhibitory influences that have provided the Densitometric quantitation of all of the bands from 2 blots assessing p-mTOR levels normalized to total mTOR protein expression in the MBH. Panels (C, D) show representative Western immunoblots (CON, lanes 1-3; ALC; lanes 4-6) and densitometric quantitations from 31-dayold rats. Note that p-mTOR protein levels were diminished in the MBH of the ALC-treated animals. The respective bars illustrate the mean (AESEM) of 8 to 11 in each group. *p < 0.05, **p < 0.01 versus CON. prepubertal brake on LHRH secretion, along with the developing increased responsiveness to stimulatory influences that drive release of the peptide until first ovulation and maturity. DYN is known to inhibit prepubertal LHRH release (Lehman et al., 2010; Navarro et al., 2009) , whereas NKB and Kp are potent stimulators of this peptide at the onset of puberty (Garcia et al., 2017; Navarro et al., 2009; Ramaswamy et al., 2010; Thompson et al., 2004) . As ALC can delay signs of pubertal development in rats , monkeys Dissen et al., 2004) , and humans (Peck et al., 2011; Richards and Oinonen, 2011) , we assessed its effects on these specific hypothalamic neuropeptides that play key roles during the maturation process. The present results have demonstrated the ontogeny of the respective differential changes in the synthesis of these peptides in the hypothalamus due to prepubertal ALC exposure. Below we discuss the important changes in these inhibitory and excitatory peptides observed within their respective brain regions in terms of mechanisms associated with ALC-induced delayed puberty.
Actions of ALC on DYN and KOR-1
Prior to the onset of puberty, DYN is already active within the MBH because it, along with other opioid peptides (Faletti et al., 1999; Lehman et al., 2010; Navarro et al., 2009; Sirinathsinghji et al., 1985; Terasawa and Fernandez, 2001), contributes to the brake on the pubertal process by inhibiting LHRH secretion. Previously, ALC was shown to increase DYN gene expression within the adult hypothalamus (Chang et al., 2007) , and now, we have demonstrated that prepubertal ALC administration, beginning the evening of day 27, was able to induce a greater expression of DYN protein by day 29 than that observed in the control animals. This increased expression persisted through days 31 and 33. The increased expression noted on day 33 is in agreement with our previous report (Srivastava et al., 2015) . Compared to controls, the ALC-treated animals also showed an increase in expression of KOR-1; however, this effect was not noted until day 33. This increase was likely due to a combination of the continued prepubertal stimulation of KOR-1 by DYN in the animals receiving ALC, as well as the expected down-regulation of the receptor in the normally maturing control animals due to the decline in the inhibitory tone beginning around this time of development. Importantly, we have already shown that ALC can induce DYN secretion from the prepubertal MBH (Srivastava et al., 2015) . Thus, taken together it appears that the ALC-induced increase in the synthesis and release of DYN contributes to the prolonging of the brake on puberty by continuing to provide the inhibitory influence over LHRH release.
Actions of ALC on NKB and NK3R
NKB synthesis is known to increase in the MBH during late prepubertal development (Gill et al., 2012) . This event is critical for the onset of puberty because this peptide, along with Kp, plays a facilitative role in developing the pulsatile secretion pattern of LHRH (Garcia et al., 2017; Goodman et al., 2014; Navarro et al., 2009; Ramaswamy et al., 2010) . In this study, we first assessed the synthesis of NKB protein and observed that its expression was the same in both control and ALC-treated animals throughout the course of the study; however, protein expression of the NK3R was decreased at 31 days and continued to be suppressed for the remainder of the study. This is important because NK3R is also known to increase throughout late pubertal development (Gill et al., 2012) . Thus, our research suggests that ALC interferes with the normal action of NKB to facilitate prepubertal LHRH/LH secretion by suppressing NK3R synthesis.
Actions of ALC on Kp
KiSS-1 is a metastasis suppressor gene that is responsible for the synthesis of Kp. The expression of KiSS-1 in the hypothalamus increases during pubertal development in primates (Shahab et al., 2005) and rats (Navarro et al., 2004a) . In the MBH, neurons expressing KiSS-1 are localized within the AN, whereas in the RHA, the KiSS-1 neurons are localized within the anteroventral periventricular nucleus. These 2 populations of neurons appear to have different physiological roles with regard to controlling LHRH secretion at puberty. The Kp neurons in the AN are proposed to be involved in controlling the pulsatile secretion of LHRH (Lehman et al., 2010; Li et al., 2009) , whereas the Kp neurons in the RHA participate in the activation of LHRH neurons leading up to the first preovulatory surge at puberty (Clarkson et al., 2010) . Below the MBH and the RHA are considered separately because of their different functions at puberty and because the 2 regions were differentially affected by the ALC.
In the MBH, we initially showed that ALC suppressed Kp protein expression at 29 days, 2 days after ALC administration began. Also at 29 days, we observed a decrease in the protein expression of p-mTOR, an upstream regulator of KiSS-1/Kp (Roa et al., 2009 ). This decline in p-mTOR protein levels was also observed on days 31 and 33. To determine the site(s) of ALC actions, we initially assessed in this brain region a recently described Akt-mediated upstream signaling pathway to mTOR (Inoki et al., 2002; Long et al., 2005; Manning et al., 2002) and subsequently Kp (Srivastava et al., 2016) . Importantly, the constituents of this Akt pathway were not altered by the ALC on day 29, but were first affected on day 31. In this regard, ALC markedly inhibited phosphorylation of Akt on days 31 and 33. This action caused a downstream increase in TSC2, which resulted in the inactivation of Rheb, and thereby decreasing the synthesis of mTOR and Kp. Interestingly, as mTOR and Kp were already depressed at 29 days, there must have been an another pathway to mTOR that was affected by the ALC prior to the action of the Akt pathway. In this regard, we assessed AMPKa, a known inhibitor of mTOR activation via Raptor phosphorylation (Gwinn et al., 2008) . Our results demonstrated that ALC induced the phosphorylation of AMPK at 29 days, which in turn induced the phosphorylation of Raptor and, hence, caused the suppression of mTOR and subsequently, Kp. Thus, the present study supports the observations that mTOR activation is influenced by different signaling pathways (Gwinn et al., 2008; Inoki et al., 2002) and clearly shows that ALC activates the hypothalamic AMPKa signaling pathway to inhibit mTOR prior to its ability to suppress the Akt-mediated pathway. However, it is clear that the actions of ALC on both pathways contribute to the suppressed synthesis of Kp within the MBH.
It is important to note that the Kp-producing neurons of the MBH are involved in regulating LHRH secretion by acting not only in the MBH itself, but also by projecting some of their nerve fibers rostrally into the RHA and preoptic area (POA) (Yeo and Herbison, 2011) . In the MBH, Kp has been shown to regulate LHRH secretion in vivo (Lehman et al., 2010; Li et al., 2009; Popa et al., 2008) and to stimulate release of the LHRH peptide from its nerve terminals in the median eminence (ME; d'Anglemont de Tassigny et al., 2008; Smith et al., 2011) . Interestingly, the mechanism by which Kp stimulates LHRH release from the ME is not yet understood, because the Kp containing fibers from the AN do not appear to project into the external layer of the ME. However, several investigators have proposed that the Kp is released within the internal layer of the ME and subsequently acts through volume transmission to evoke the release of LHRH in the external layer. In the RHA and POA, nerve fibers arising from the AN impinge upon and influence LHRH neurons that express Kp receptors in these areas (Han et al., 2005; Messager et al., 2005) . Thus, the ALC-induced decrease in Kp synthesis by neurons in the AN beginning at 29 days indicates a diminished excitatory influence of Kp on the LHRH system early in the pubertal process.
In the RHA, ALC again suppressed mTOR and Kp proteins; however, this effect was not noted until day 33, 4 days after the effects on these proteins were noted in the MBH. To determine the upstream site by which ALC acts to suppress Kp, we first assessed IGF-1R protein expression, as the IGF-1 peptide has been shown to be an upstream regulator of Kp synthesis in this brain region, but not in the MBH Srivastava et al., 2016) . Furthermore, IGF-1 is critical for the onset of puberty in rats, monkeys, and humans (Hiney et al., 1996; Juul et al., 1994; Wilson, 1998) , and the activation of the IGF-1R by the peptide causes phosphorylation of the Akt-mediated pathway to mTOR and Kp, an action blocked by acute ALC administration (Hiney et al., 2018) . Importantly, results of the present study showed that chronic ALC administration first suppressed IGF-1R phosphorylation on day 33. This action was likely due to the down-regulation of the receptor resulting from an ALC-induced decrease in IGF-1 mRNA synthesis in the liver (Lang et al., 2009; Srivastava et al., 1995) resulting in lower circulating levels of IGF-1 crossing the blood-brain barrier and entering the hypothalamus (Srivastava et al., 1995) . The ability of ALC to suppress activity of the IGF-1R in this brain region resulted in subsequent decreases in protein expression of each of the downstream components of the Akt-mTOR-mediated pathway to Kp described above, but again, not before day 33. Additionally, these ALC-induced suppressions on the IGF-1 and mTOR signaling pathways are consistent with results reported in other brain regions (Tong et al., 2015) as well as in skeletal (Lang et al., 2009; Simon et al., 2018) and cardiac (Vary et al., 2008; Zhang et al., 2010) muscle.
The ALC-induced suppression in Kp synthesis by neurons in the RHA occurs later in development than the effects observed in Kp neurons within the MBH. This is not unexpected because the principal action of Kp synthesized in the RHA during normal development is to increase the synthesis and release of LHRH to drive the pubertal process to its preovulatory surge during first proestrus (Clarkson and Herbison, 2009; Clarkson et al., 2010; Popa et al., 2008) . However, we demonstrated here that compared to control animals, the synthesis of Kp in the ALC-treated animals was suppressed in the RHA at 33 days, a time when its synthesis would be in demand and increasing toward proestrus; thus, further showing evidence of delayed development. Importantly, the Kp synthesizing neurons in the RHA normally respond to the increased serum levels of estradiol (E 2 ; Clarkson et al., 2010; Lehman et al., 2010) and IGF-1 (Hiney et al., 1996 Srivastava et al., 2016 ) that enter the brain as maturation progresses toward first ovulation. It is clear that ALC causes depressed serum levels of both of these puberty-related hormones and therefore their availability to the hypothalamus Srivastava et al., 2009 ). This is relevant as during routine development IGF-1 can stimulate the Kp-producing neurons in the RHA at first proestrus, when E 2 levels are rising (Hiney et al., 2018) . It is critical to note that these RHA neurons send some of their nerve processes caudally to the MBH, but also project processes to adjacent LHRH synthesizing neurons in other areas of the RHA and in the POA, that, as stated above, express Kp receptors. Current evidence indicates that once Kp is released within the RHA (Hiney et al., 2018) , it stimulates LHRH synthesis and secretion by a direct action on these LHRH neurons (Clarkson and Herbison, 2006; Decourt et al., 2008; Han et al., 2005; Messager et al., 2005; Smith et al., 2008) . Importantly, a recent study has revealed that ALC suppresses IGF-1-induced synthesis and release of Kp within the RHA at first proestrus (Hiney et al., 2018) , supporting a previous report indicating ALC can inhibit the preovulatory surge of LHRH/LH and ovulation (Ogilvie and Rivier, 1997) .
We have assessed the effects of prepubertal ALC administration, beginning when the animals were 27 days old, on 3 specific inhibitory or excitatory neuropeptide regulators of LHRH that reside within the hypothalamus. By day 29, ALC caused an increase in the synthesis of DYN, a known inhibitor of prepubertal LHRH within the MBH. At this same time, the ALC caused a decrease in the synthesis of Kp, a potent stimulator of LHRH. Also, while the synthesis of another excitatory peptide, NKB, was unaffected by ALC, the synthesis of the NK3R was suppressed by day 31, thus also suggesting a depression in the stimulatory effects of NKB within the MBH. The fact that ALC caused a reversal in the availability of these critical puberty-related peptides is consistent with delayed maturation. In this regard, research indicates that DYN, Kp, and NKB may normally operate within the MBH in an integrative fashion (Lehman et al., 2010; Li et al., 2009) to develop the pulsatile pattern of prepubertal LHRH secretion; therefore, we suggest that ALC exposure alters the balance of these peptides by a mechanism which decreases the pulsatile release of prepubertal LHRH/ LH (Hiney et al., 1998 (Hiney et al., , 2003 .
In the RHA, we observed an ALC-induced suppression in Kp synthesis by day 33. This is important because increased Kp synthesis and release in this brain region are normally responsible for activating the nearby LHRH neurons to drive the pubertal process into first proestrus and initiate the LHRH preovulatory surge; hence, this reversal is also indicative of delayed maturation, because Kp should have been increasing within the RHA at this time. Finally, we have also described the sites of action and differential effects by which ALC alters the respective Kp synthesis pathways in the MBH and RHA. This research, as summarized in Fig. 10 , clearly shows how and when ALC differentially effects the timely synthesis of critical inhibitory and excitatory hypothalamic neuropeptides to negatively influence the pubertal process and cause delayed maturation.
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